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ON F1AME SPEEDS OF BUNSEN-BURNER FLAMES

By ILowell M. Bollinger and David T. Williams

SUMMARY

The effect of flow conditions on the geometry of the turbulent
Bunsen flame was investigated. Turbulent fleame speed is defined in
terms of flame geometry and data are presented showing the effect
of Reynolds number of flow In the range of 3000 to 35,000 on flame
speed for burner diameters from 1/4 to l%' inches and three fuels -
acetylene, ethylene, and propane.

The normal flame speed of an explosive mixture was shown to be
an important factor in determining its turbulent flame speed, and
1t was deduced from the data that turbulent flame speed is a func-
tion of both the Reynolds number of the turbulent flow in the
burner tube and of the tube diameter.

IRTRODUCTION

A flsme advancing through an explosive mixture at rest or in
laminar flow assumes, at least Initially, a smooth combustion front.
The speed normal to the front and relative to the adjacent unburned
mixture with which this front advances 1s known as the normal flame
speed of the mixture (or transformation velocity). This speed is
constant for a given set of physical and chemical conditions.

In turbulent flow, the combustion front ls not smooth, because
it is disturbed by the fluctuating components of velocity. Yet if
a surface sufficlently large in comparison with the scale of tur-
bulence is consldered, the average position of the combustion front
advences with some definite speed normally to itself. This speed
will be called the turbulent flame speed and its value will prob-
ably depend upon the aerodynamic as well as the physlcal and chem-
ical conditions of the explosive mixbture.

Because turbulence can greatly increase the rate of burning of
fuel-air mixtures, an eract knowledge of the Influence of turbu-
lence on cambustion 1s highly important to practical applications.
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Some information has been gathered from tests on internal -combustion
engines (reference 1). In these investigations, no attempt was
mede to relate the rate of burning to any fundemental measursable
property of the turbulence. The degree of turbulence of the charge
in the engine cylinder was varied by changing engine speed or cyl-
inder gecmetry. Two investigators, Damkdhler (reference 2) and
Shelkin (reference 3) each have proposed a theory to relate flame
speed to turbulence. These theories require evaluation with exper-
imental data obtalined under well-defined condltions.

A possible method of investigating the relation between tur-
bulence and rate of burning is by measurement of rate of flame
propagation in a steady-flow Bunsen-type burner. It is possible in
such an aspparatus to create forms of turbulence that have heen
quentitatively investigated. Furthermore, it 1s common to deter-
mine normal flame speed as the volume rate of flow of explosive
mixture divided by the surface area of the inner cone of s laminar
Bunsen-burner flame., (See reference 4 for a discussion of the
method.) This technigue for measuring flame speed can also be used
in the range of turbulent flow. Damkdhler (reference 2) carried
out some measurements in this manner, but his data are insufficlent
to establish conclusively a theory.

In experiments conducted at the NACA Cleveland laboratory
during 1945, flame speeds were experimentally determined by the
Bunsen~burner technigque with fully developed turbulent flow in the
burner tubes. Data were obvalned for three fuels, for burner

diameters from 1/4 to l-%- inches, and for Reynolds numbers Iin the

renge from 3000 to 35,000. In order to show the effect of tur-
hulence on flame speed, these turbulent flame speeds were correlated
with normal fleme speed, tube dlameter, and Reynolds number. In
eddition, the date were used to test the theorles of references 2
and 3.

APPARATUS AND PROCEDURE
Equipment

The apparatus used in this investigation ls dlagrammstically
shown in figure l. Fuel and alr were metered separately, then
thoroughly mixed, end conducted into the Bunsen-burmer tube, which
was long enough for fully developed turbulent flow to result at
the burner outlet. The burners used were a series of four smooth
seamless steel tubes, which had the following dimensions:
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Nominal Inside Length, L Ratio of length
diemeter diameter, 4 (cm) to inside
(in.) (cm) diameter, L/d
1/4 0.626 125 200
3/8 .943 215 228
5/8 1.579 215 136
1% 2.843 215 76

The tubes were cooled to room temperature by water Jackets.

In order to prevent blow-off of the Bunsen flame at high flows,
i1t was necessary to surround it by an esuxili=ary flame. An annular-
shaped burner was formed around the lip of the Bunsen burmer by
surrounding it with a tube of somewhat larger dismeter. A fuel-air
mixture at low velocity flowed through this auxillary burner; the
fuel in the auxiliary burner weas the same as that in the main
burner. This mixture burned at the outlet of the burner and kept
the inner Bunsen flame seated to the lip. The auxiliery flame was
alweys kept as low as possible so as to reduce the errors caused by
this flame to a minimum. The auxiliary flame seemed to have had no
appreciable effect on the main body of the Bunsen fleme Iin that,
where flow conditions permitted, no change could be noticed in the
Bunsen flame when the auxiliary burner was suddenly shut off.

Fuels

Measurements were made using three commerclal-grade fuels -
propane, ethylene, and acetylene. Because acetylene 1s dissolved
in acetone 1n the tank, an appreciable amount of acetone 1ls present
in the gaseous fuel. Most of this acetone was removed by bubbling
the acetylene-acetone gaseous mixture through flowing water. The
combustion air used came from the laboratory service air supply,
which, when expanded, hed a relative humidity. of epproximately
15 percent. No temperature control was used; very little variation
of temperature, however, was observed.

Method of Measuring Flame Speed

The combustion zone of a laminar Bunsen flame 1s thin and
clear-cut, but that of a turbulent Bunsen flame consists of a
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"brush" of fleme having e roughly conical shape but apparently
formed of a rapidly fluctusting, much folded surface (fig. 2(a)).
Nevertheless, certain surfaces can be ldentified in the turbulent
flame; for example, in figure 2(b) an inner and outer envelope of
the flame and a mean suxrface are indicated. A flame speed cor-
responding to each of these surfaces may be determined. Although
Damkthler (reference 2) belleved that the inner and outer envelopes
are related to the turbulent and normel flame speed, respectively,
it is consldered herein that the flame front has some average
position around which it fluctuates, the degree of fluctuation
determining the position of the inner end outer envelopes. The
turbulent fleme speed should then be thet flame speed corresponding
to the surface that is the average positlon of the flame front, or

Q 1
ug = 3 (1)
where

n, turbulent flame speed

Q volume rate of flow

S surface area of mean position of burning

The volume rate of flow was obtained by the flowmeter readings. The
surface area of any given turbulent flame was determined in the fol-
lowing manner: The flame was photographed on 5- by 7-inch film with
an exposure time of gbout 2 seconds. An average flame surface was
drayn on the negative of the photograph and an attempt was made to
drew the surface halfwey between the inner and outer envelopes of

the flame brush (fig. 2(b)). The surface area was then determined
by the approximate equatlon for cone-like surfaces of revolution

L
S=A & (2)
wvhere
A aree of longitudinal cross section of flame as photographed
h height

L length of generating ocurve, excluding base, of cone-like
surface

This method has been used by others for lsminar flames (reference 5).

995
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The amount of work reguired to determine the surface area was

shortened by plotting S/d% against h/d where d is the burner-
tube diameter. Once enough poilnts had been plotted to form a curve,
the surface area could be found eimply by measuring the helght of
the flame cone. The height was measured directly on the flame by
meens of & horizontal sliding arm mounted on a scale, sights being
placed 18 inches apeart on the axrm. In this way, the whole fleame
could be kept within the field of view and falr reproduclibility was

possible.

Some doubt may exist as to the physical significance of a
fleme speed determined by the method outlined; especially, it may
be that, although the 1des of an averags surface 1s sound, the
position helfwey between the lnner and outer envelopes as seen on
the photogrephs 1s not a true average surface. The data will
therefore be presented first in terms of flame goometry and then
in terms of flame speeds,

The observations were made on fuel-air mixtures in each case
having the maximum flame speed. ZIXach meassurement was made by use
of a series of three or four observations in which the fuel-air
retio was varled in the neighborhood of that for maximum flame
speed. The flame speed observed was taken as the maximum on a2
curve drawn through the data so taken. By this means any errors
due to lnaccuracy of flow-measuring devices were eliminated.

RESULTS
Geometry of Turbulent Bunsen Flemes

Near the base & turbulent Bunsen flame is almost leminar in
appeerence. Higher up the flame front develops waviness; and
st1ll further up individual peaks of fleme are observed to shoot
up from the interlor of the lnner cone. When these peaks of flame
appear, the outer envelope begins to bend more sharply inward.
These chearacteristics together with the three dimensionality of the
flame meke it difficult or impossible to locate the position of the
inner envelope with certainty.

The retio of mean flame surface area to the asguare of the

burner diameter S/d2 1s plotted against the ratio of flame height
to burner dismeter h/d in figure 3. The points from various
burner slzes for a glven fuel fall on a single curve when plotted
in this manner., These curves indlicate that the flame broadens out
as the helght becomes greater. For 1lt, in becoming higher, all
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vertlcal dimensions of & flame were merely stretched, the curve of
surface area agalnst height would be a stralght line through the
origin, which is obviously not the case.

In figure 4 it 1s shown that, for any one fuel, the height of
the average position of a flame 1s roughly a funotion of Reynolds
number. In every case, however, the curves of the smaller burners
lie higher., The fuel-air ratio is in each case that corresponding
to the maximum fleme sypeed.

Some data of the height of the outer envelope of the flame
brush were recorded. This height minus the height of the average
surface 1s one-half the flame-brush width in the center of the tube.
It has been plotted agalnst Reynolds number in figure 5. Although
the scatter 1s great, the brush thickness seems to vary linearly
with Reynolds number. The large scatter 1s due to the uncertainty
in locating the height of the outer envelope.

Turbulent Flame Speeds

Exemples of the variation of flame speed, as previously defined,
with fuel concentratlion for various Reynolds numbers are shown in
figure 6. The data shown were cbtained by direct measurement of
mean flame height. The fuel concentration for maximum fleme speed
is observed to be slightly richer for turbulent than for laminar
flames. This effect 18 believed to be caused by the turbulent fleme
seeming to wlden out slightly as 1t becomes richer so that, for the
same meen surface area, the height of a rich flame is less than that
of a lean fleame.

The varistion of flame speed with Reynolds number of pipe
flow is shown in figure 7 for fuel concentrations of maximum flame
speed. Values of normal flame speed from reference 4 are indicated
for the three fuels by points on the ordinate. Reynolds number
of flow is not necessarily descriptive, however, of turbulence at
the flame front. The data of figure 7 were obtained both by photo-
graphing the flame and by direct measurement of flame height; in
both cases the meen surface area was obtained from the curves in
figure 3. The points representing data taken by direct measurement
are the meximum flame speeds from curves like those of flgure 6 and
are therefore, in most cases, averages of several measurements.
Mogt of the polnts representing photographlic date are averages of
two separate flame-speed determinations. The large scatter of the
ecetylene fleme speeds for the 3/8-inch-dismeter burner at low
Reynolds numbers is belleved due to the fact that, because the
flame was smell, a small absolute error In height measurement
resulted in & large relative error.

G66



NACA TN No. 1707 7

The data of figure 7 show several conslstent characteristics.
For any one explosive mixbture, the turbulent flame speeds are all
greater than the normal flsme speed and for a given Reynolds number,
the flame speed increases wlth iIncreasing burner dlameter. In gen-
eral, flame speed increased with Reynolds number but at a decreasing
rate, and at the larger values of Reynolds number, flame speed
approeched asymptoticallya linear relation with Reynolds number.

DISCUSSION
Nature of Turbulence in Pipe Flow

The feact that the flame speed as defined in turbulent flow
cannot be determined with very high accuracy is a circumstance that
ig implicit in the very nature of turbulence. The results of the
measurements are princlpally an identification of certain tremds in
turbulent flsme speed as summarized. It 1s thus desirable to iden-
tify the nature of the turbulence in which the measurements wers
made.

The theory of turbulent flow In general is reviewed In refer-
ences 6 to 8. It is concluded in the theory, particularly in
reference 8, that a scale factor and ean intemsity of turbulence
are sufficient to characterlze lsotropic turbulence. These two
factors have been measured in various weys. The turbulent inten-
sity based on longitudinal turbulent motion is showm in dimension-
less form in figure 8, as measured between two infinite planes
(reference 9); the distribution is expected to be similar to that
in a tube. It 1s notable that the turdbulence in the tube is not
completely isotropic so that the mean turbulent intensities are
different in different dlrections.

The mixing length has also been messured and is shown in
figure 8 as published In reference 6. It 1is evident that both
mixing length and turbulence vary wldely across the flow. It
Pollows that insofar as the bturbulent flame speed 1is to he asso-
clated with the nature of the turbulence, it is a mean flame speed
that is agssocliated with an average type of turbulence In the gas
issuing from a uniform tube.

In measurements of flame speed in turbulent flow, the scale
of the turbulence In the tube l1s proportional to the size of tube
and the intensity component is proportional to the mean gas flow
veloclty, as follows from general similarity relation.
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Theories of Turbulent Flame Speed

DamkShler (reference 2) in an attempt to determine the effect
of turbulence on flame speed presents some data obtained from a
Bunsen propane-oxygen flame on a burner tube that 1s long enough
to have fully developed turbulent flow. It was found that f£lame
speeds corresponding to the outer envelopes were approximately
equal to the normal flame spesd of the mixture. The flams speed
corresponding to the inner envelope was assumed to be the turbulent
fleme speed. The ratlo of the flame speeds corresponding to the
inner and outer envelopes was therefore considered equal to the
ratio of turbulent flame speed to normal flame speed. Results from
three burners of 1.385~, 2.180-, and 2.718-millimeter diameters were
obtalned., The flame-speed ratio was then shown by somewhat limited
data to vary linearly with the square root of the Reynolds num-
ber +Re for the two smaller tubes in the range 2300 < Re < 5000
and linearly with Re for the two larger tubes in the range
5000 < Re < 18,000.

In the discussion of results of reference 2, two conditions
of turbulence are considered that depend on whether the scale of
the turbulence is much greater or much less then the thlckness of
the laminar flame front. Fine scale turbulence was considered to
inflvence the rate of diffusion between the burned and unburned
gas without roughening the flame front and large scale turbulence
was considered only to roughen the flame front thus increasing 1ts
surface area. The theory developed attempted to show that for
fine-scale turbulence,

L YVE (3)

= (4)

where
v is kinematic wiscoslty of explosive mixture
€ is turbulent diffusion coefficient

The turbulent diffusion coefficient ¢ 1s an empirical factor
that was devised to develop a theory for the turbulent-velocity
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distribution in a pipe or tube. By analogy with the molecular
diffusion coefficlent, 1t is written as

¢ = /Tl (5)

where
A root mean sqguare fluctuating component of velocity
1 so-called mixing length, a scale factor

In the von Kérmén theory of pipe turbulence , the factors camprising
€ enter into the theory es empirical parameters evaluated from the
velocity distribution, but equivalent or analogous guantities are
directly measurable. It has been shown by direct observation that

in turbulent pipe flow, '1'1'2 varies as the mean ges velocity, and
that the scale, and therefore presumably 1, varies as the pipe
diameter. Both guantities are hardly approximately constant ecross
the flow; but in predicting the results of any experiments dependent
on €, 1t 1s apparent that mean ¢ must vary as the Reynolds num-
ber of the pipe flow.

In reference 2, 1t was considered that the smallest burner
used could be considered to give fine-scale turbulence; whereas the
largest burner gave large-scale turbulence, the difference of which
was believed to account for the difference in the dependence of
flame-gpeed ratio on Reynolds number,

A theoretical analysis of the effect of turbulence on flame
speed is presented in reference 3. The two cases of fine-scale and
large-scale turbulence are agein considered. Based upon the same

considerations as in reference 2, the expression for turbulent
flame spsed ug in fine-scale turbulence was derived:

u.b=u.n 1+§ (6)

vwhere X 1s the thermal conductivity due to molecular motion.

For the case of large-scale turbulence, the expression for ug
was derived to be

u
u_baun 1+B'—2 . (7)

B*
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where B 1s & nondimensional coefficient and is approximately
unity. It should be noted that flame speed for lerge-scale tur-
bulence is here predicted to be independent of the scale of tur-
bulence and to be independent of the normal flame speed If the

2
"intensity of turbulence U~ becomes great compared to unz.

Test of Theories of Effect of Turbulence on Flame Speed

According to the theories of references 2 and 3, the flame
speed in turbulent flow is predicted to depend on the turbulent

diffusion coefficient ¢ for small-scale pBrbulencé. It haes been

shown that ¢ = Zdiiz- and that € should vary as ;he Reynolds

number of flow Re  1inside the tube. TIf the change of € is
neglected in the space between the tube outlet and the flame, it
follows that the turbulent flame apeed is predicted for amall-
scale turbulence (a) in reference 2_to very as u,+/Re, and

(b) in reference 3 to vary as u,+/1l + kRe where k 1s a constant.

Actually the theories as presented were scmewhat more specific in

their predictions. The predictions of reference 3, for example,

- would seem to approximate those of reference 2 because the second
term in the radical is much lerger than 1. '

Again for large-scale turbulence, the predictions are that
flame speed should vary as wu,Re (reference 2) and as

Up A/l +-B iig (reference 3). For the range of-experiments, u,

is approximately 1 foot per second, and EZ varies in the range of-—
megnitude of unz, :

Surmmarizing the results of the flame-speed meagurements, fig-
ure 7 serves to glve some fairly definite indications as to whether
the theories mentioned are accurate. ’

Firat, according to the theory of turbulence in pipes or tubes,
the mixing length of.. the turbulent flows used is approximately
0.1 inch, which is definitely greater than the 0.00l inch usually
conslidered to be the approximete thickness of the laminax flame.
The data show that: (a) The Reynolds number is inadequate alone to
correlate the turbulent flame speed; and (b) In asny case the varia-
tion of the turbulent flame speed with Reynolds number for a given
tube 1is nonlinear in the range of large-scale turbulence. Accord-
ing to the results of this investigatlion, it is seen that the theory
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of reference 2 concerning the effect of large-scale turbulence on
the flame speed in & Bunsen-burner flame thus appears to be in
error as to the dependence on Reynolds number.

The turbulent intensities used are certainly large enough to
indicate whether the turbulent flame speeds tend to be independent
of the nature of the fuel at large values of W2 That is, the
curves for varlous fuels are predicted in reference 3 to converge
at higher Reynolds numbers; however they show no sign of converging
in the range of this investigation. It is concluded according to
the results of thls Investigation that nelther of these theories is
properly appllicaeble as proposed.

Nature of Variation of Turbulent-Flame Speed

The data of figure 7 obvilously require more than one correla-
tion variable. The fuel, velocity, and burner diameter are ome
possible set of parameters; the fuel, Reynolds number, and burner
diemeter are a possible alternative choice. Reynolds number rather
than velocity i1s used hereln because of the general use of Reynolds
number in the analysis of fluid behavior end because previous pro-
posed theoriles used 1t. In any case, the choice of variables with
which to correlate the data is arbitrary.

The general appearence of the data suggests ut-/un as a
possible variable to express the effect of the fuel.

A second trend is indicated by the fact that uy &bt any value

of Re 1s greater with larger tube diameter by a factor that varies
proportionally with up.

A third phenomenon is indicated by the curvature of the various
graphs, suggesting that uy might vary as a power of Reynolds num-
ber different from 1, for given fuel and burner dismeter.

The data of figure 7 are used to fix the manner of variation
of u; In the form

uy = Cup® d° Re® (8)
where
w turbulent flame speed (cm/sec)

C constant, emplrically determined from data



12 RACA TN No. 1707

u, normal flame speed (cm/sec) N
a " burner dlameter (cm)
Re burner Reynolds numbexr based on mean alr speed and

burner diameter
a, b, ¢ exponents, empirically determined from data

The exponent of the normal flame speed w, 1is chosen by inspection
a8 equal to 1.

The exponent of the dlameter d is fixed by cross-plotting
the data of figure 7. The fleme speeds u; taken from the curves
for the varlous tube slzes were compared for given Reynolds number
end fuel. The comperison is shown in graphical form in figure 9.
Relatlve flame speeds were compered for 1l different fuel-Reynolds-
number choices with relative diameter for the 5/8-inch-diameter
tube. The log plot is seen to be falrly representable as a straight
line, though strictly speaking a slight curvature is noted through
the points. The line as shown has a slope equal to 0.26 so that
the exponent b of the burner diameter in equation (8) is

b = 0.26

The value of the exponent ¢ of Reynolds number in equation (8)
is found by making log plots of the guantity

;o (9)
y I e— 9
2.a0-26

as a function of the burner-tube Reynolds number Re. The data for

scotylene, ethylene, and propane are plotted separately in fig-
ures 10(as, 10(b), and 10(c), respectively. The lines considered
by inspection to represent the data most accurately are indicated
on the curves. The three curves are shown on figure 10(d) with
the curve obtained by averaging the three. The correlation repre-
sented by the average curve 1s suiteble as approximating all the
data. The scatter of experimental polnts ls a little greater than
would be anticipated from the methods used.

The equation of the average curve (fig. 10(d)) is

Uy

0.24
— 0.18 Re~*
2 d0-26

ane
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or

w, = 0.18 u,d0:26 re0-24 (10)

Any uncertalnty as to the exact relation among the chosen
varlables might be removed by an extension of the experiments. It
is possible, however, that the sames kind of experimentel uncer-
tainty is to be anticipated in any study of turbulent flames.

The results here shown willl suggest some approximate relations
for use in fubure extensions of the theory.- Thus, approximately

g @ vy
up @ /7

o ¥/

The dlrect dependence of turbulent flame speed on laminar flame
speed 1ls 1n agreement with reference 2.

Whether these tentative conclusilons are valld as applied to
truly isobropic turbulence is an interesting problem for future
investigation.

SUMMARY QF RESULTS

From an investigation to determine the effect of Reynolds
number in the turbulent-flow range on flame speeds of Bu.nsen-
burner flames, the following results were obtalned:

1. A correlation of the flame speed in a Bunsen burner with

gseveral varlables has been empirically derived in the turbulent-
flow range at sea-level atmospheric conditions in the form

= 0.18 unc'i.o'26 Re0-24 (cm/sec)
where
g turbulent flame speed

u, normal fleme speed (transformation velocity), (cm/sec)
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The experiments ranged from an Re of 3000 to 35,000, tube
dismeters fram 0.626 to 2.843 céntimeters, and the fuels were
acetylene, ethylene, and propane. The fuel-alr mixturea having
maximum u, were used.

2. The theories of Damkohler on the effect of large-scale
turbulence on the flame speed in a Bunsen-burner flame were verl-
fied as to the dependenée on laminar flame speed, but were found
to0 be errcnecius &8 to the dependence on Reynolds nwmber.

3. The theory of Shelkin was not verified in that no tetidency
was observed of turbhiulenit flame speeds of different fiuels to

approach each other at high flow rates.

Flight Propulsion Research Laboratory,
National Advisory Commitiee for Aeronsutics,
Cleveland, Ohlo, June 30, 1948.
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Boundaries of flame brush

ce21319 cee———- Location of flame mean surface
4. 30. 48 :
(2) Flame. (b) Flame showing brush and flame

mean surface outlined.

Figure 2. - Turbulent Bunsen-burner fleme. Nominal diemeter of burner, 5/8 inch;
ethylens gas in air.
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Figure 5. - Varlatlon of flame-brush width with Reynolds number.
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